Abstract: Cocaine administration in the brain alters gene expression via dopamine and glutamate receptor-mediated intracellular signaling cascades. The current study was designed to identify alterations in the total proteome in the rat dorsal striatum in response to intraperitoneal injection of cocaine (20 mg/kg). The results demonstrated that alterations of specific proteins at 20, 120, and 360 min following acute cocaine injection decreased over the time course. Proteins that were identified as having changed as a result of exposure to acute cocaine were found to be involved in a variety of functions necessary for maintaining cellular structure, metabolism, and gene expression in the dorsal striatum.
Introduction
Cocaine, an indirect dopamine agonist, increases the release of dopamine and glutamate by blocking dopamine reuptake in the striatum (Post & Rose 1976; Ritz et al. 1987 ; Koob & Bloom 1988; Voorn et al. 2004) . Increased release of dopamine or glutamate in the striatum after cocaine administration stimulates extensive intracellular signalling cascades via activation of dopamine or glutamate receptors (Gupta et al. 2001; Wolf et al. 2003; Wang et al. 2006) . Stimulation of these receptors causes proteomic changes, which may contribute to addiction.
Previous studies concerning gene expression in response to acute cocaine administration were primarily focused on the kinetics of the immediate early genes (IEG) and their gene products, such as c-Fos and Zif/268, in the rat striatum, a brain region associated with drug addiction. For instance, in the rat forebrain the immunoreactivity of c-Fos is increased 20 min after acute cocaine injection and then degraded within 2 h (Moratalla et al. 1996; Crombag et al. 2002; Badiani et al. 2004; Courtin et al. 2006) . Zif/268 is upregulated in the rat dorsal striatum between 2 and 6 h after acute cocaine administration (Bhat et al. 1992; Daunais & McGinty 1994 , 1995 . These data suggest that acute cocaine administration is capable of causing phenotypic alterations of neuronal cells that may be related to drug abuse.
Recently, two-dimensional difference in gel electrophoresis was used to evaluate alterations of cytosolic proteins in the nucleus accumbens of rhesus monkeys following cocaine self-administration (Tannu et al. 2008 ) and in drug abuse victims (Hemby 2006; Tannu et al. 2007) . With the recent availability of proteomic analysis, protein expression profiles are expected to be more comprehensive and to provide substantial increases in our understanding on the effects of addictive substances. In this study, cocaine-induced alterations in proteome in the dorsal striatum were investigated using a proteomic approach followed by bioinformatics, even though the ventral striatum is a primarily brain region associated with psychomotor activity.
Material and methods

Animals and cocaine administration
Adult male Sprague-Dawley rats (260-270 g) were obtained from Hyo-Chang Science Co. (Taegu, Korea). The rats were individually housed in a controlled environment during all experimental treatments. Food and water were provided ad libitum, and the rats were maintained on a 12 h light/dark cycle. On the day of the experiments, the injections were made in a home cage in a quiet room to minimize stress to the animals. All animal use procedures were approved by the Institutional Animal Care and Use Committee and were performed in accordance with the provisions of the NIH Guide for the Care and Use of Laboratory Animals. Rats were randomly divided into 6 groups (n = 3 per group): saline 20 min, cocaine 20 min, saline 120 min, cocaine 120 min, saline 360 min, and cocaine 360 min. The rats were deeply anesthetized with intraperitoneal (i.p.) injection of chloral hydrate (5.8 mL/kg) and decapitated 20, 120, and 360 min after acute saline or cocaine administration (20 mg/kg, i.p.) (Belgopia, Louvain-La-Neuve, Belgium). The dose of cocaine used in this study was determined based on our previous studies (Ahn et al. 2007; Shin et al. 2007 ).
Brains were removed, frozen in isopentane at −70
• C, and stored in a deep freezer until used.
Preparation of samples for protein analysis
Brain sections were serially cut in a cryostat and the dorsal striatum was punched out with a steel borer (inner diameter: ∼2 mm) as described previously (Choe et al. 2006) . Tissue samples pooled together from each group were homogenized in lysis buffer [7 M urea (Sigma-Aldrich, MO, USA), 2 M thiourea (Sigma-Aldrich), 4% (w/v) 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (USB, OH, USA), 0.5% (v/v) pharmalytes pH 3-10 (Amersham Biosciences, NJ, USA), 100 mM dithiothreitol (DTT) (Amersham Biosciences), and 1.5 mg/mL complete protease inhibitor cocktail for mammalian tissues (Sigma-Aldrich)] and incubated for 1 h at 4
• C with mild shaking. The lysate was then centrifuged at 13,000 rpm for 30 min and the supernatant was transferred to a fresh centrifugation tube. Protein concentrations were determined using Bio-Rad protein assay kits (Bio-Rad Laboratories, CA, USA) and samples were divided into several aliquots and stored at −80
Two-dimensional electrophoresis (2-DE)
Immobiline Dry Strips (180 × 3 × 0.5 mm, linear 3-10 pH) (Amersham Biosciences) were rehydrated with DeStreak rehydration solution (Amersham Biosciences) with 0.5% immobiline pH gradient (IPG) buffer (Amersham Biosciences) for 12 h at room temperature. The rehydrated strips were transferred to Ettan IPGphor System (Amersham Biosciences) and then positioned in sample cups with 500 µg protein samples. Isoelectric focusing (IEF) was carried out using the step and hold mode at 500 V for 1 h, gradient mode at 1,000 V for 1 h, gradient mode at 8,000 V at 1 h, and step and hold mode at 8,000 V for 3 h, up to a total of 38,000 Vh. The focused strips were equilibrated with sodium dodecyl sulphate (SDS) equilibration solution [6 M urea, 30% (v/v) glycerol (Amersham Biosciences), 2% SDS, and 50 mM Tris-HCl pH 8.8] with DTT and then idoacetamide (Amersham Biosciences). The equilibrated strips were placed on the top of 12.5% SDS-PAGE (2400 × 2000 × 1 mm) and sealed with 0.5% (w/v) agarose (Promega Bioscience, WI, USA). The gels were separated using the Ettan Dalt six system (Amersham Biosciences). For visualization, separated gels were incubated overnight in fixing solution (45% methanol and 5% phosphoric acid) and then stained with staining solution [0.1% (w/v) Coomassie brilliant blue G250 (Bio-Rad Laboratories) (Neuhoff et al. 1988) , 17% (w/v) ammonium sulphate, 3.6% phosphoric acid, and 34% methanol] for 1 day. Gels containing excess dye were destained with washing solution (1% acetic acid and 15% methanol). Three gels for each group were processed for image analysis.
Analysis of 2-DE gel images
The stained gels were scanned using an ImageMaster Scanner (Amersham Biosciences), and then analyzed with ImageMaster 2D Platinum 6.0 software (GE healthcare, USA) for spot detection, quantification, and matching both automatically and manually. The protein spot abundance was determined by the area of the spot multiplied by the density and is herein referred to as the volume. The background of the gel was removed and the spot volume was normalized to the total protein detected on each gel using the same software as above. A 30% decrease or 100% increase in protein abundance was taken as showing a difference between saline and cocaine groups. The statistical significance between groups was determined using one-way ANOVA followed by a Tukey's honestly significant difference (HSD) test in GraphPad Prism 4 (GraphPad Software Incorporation, San Diego, CA, USA). Data were expressed in terms of mean ± SEM for each group. The level of statistical significance was set at p < 0.05.
Identification of proteins
Protein spots exhibiting a difference (calculated as described above) were subjected to matrix-assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF MS) analysis for identification. The selected protein spots were excised from the gels and destained with 50% acetonitrile (ACN) in 25 mM ammonium bicarbonate (pH 8.0) three times for 15 min. The spots were dehydrated with 100% ACN. For in-gel digestion, the spots were rehydrated in 15 µL trypsin solution [10 µg/mL of sequencing-grade modified trypsin (Promega Biosciences, CA, USA) in 25 mM ammonium bicarbonate, pH 8.0] and incubated at 37
• C overnight. The supernatant was collected and the peptides were extracted with 5% trifluoroacetic acid in 50% ACN and dried under a vacuum. The extracted peptides were desalted using ZipTips C18 resin (Millipore, MA, USA) and eluted with matrix solution (α-cyano-4-hydroxycinnamic acid in 50% ACN and 0.1% trifluoroacetic acid) (Yeom et al. 2005) . Peptide mass spectra were acquired on a Voyager-DE STR MALDI-TOF mass spectrometer (Applied Biosystems, CA, USA). The peptide masses were analyzed by the Mascot program (http://www.matrixscience.com/) using NCBInr databases. The identified proteins were characterized using the web sites http://ebi.uniprot.org/ or http://www.expasy.org/.
Results
The protein spots of the dorsal striatum were separated by 2-DE and visualized with colloidal Coomassie Blue G250 stain at 20 (Fig. 1) , 120 ( Fig. 2) , and 360 ( Fig. 3 ) min after acute cocaine administration. Spots were then analyzed with ImageMaster 2D Platinum 6.0 software. As shown in Table 1 , at 20 min, the total number of spots in saline and cocaine samples was 1,239 and 1,271, respectively. At this time, 131 spots (10.6%) of the 1,236 matched spots were increased, while 132 spots (10.7%) were decreased when compared with the saline control group. At 120 min, the total number of saline and cocaine spots was 1,380 and 1,315, respectively. At this time, 94 spots (9.5%) of the 988 matched spots were increased, while 67 spots (6.7%) were decreased. At 360 min, the total number of saline and cocaine spots was 1,119 and 1,072, respectively. At this time, 36 spots (5.2%) of the 702 matched spots were increased, while 30 spots (4.3%) were decreased. The peptide masses analyzed by the Mascot program after MALDI-TOF demonstrated that 22, 19 and 25 proteins (sum=66) from the 20, 120, and 360 min time points, Fig. 1 . The 2-DE analysis of total proteins in the dorsal striatum at 20 min after acute saline (a) or cocaine (b) injection (20 mg/kg, i.p.). The total proteins (500 µg) extracted from the dorsal striatum were separated on pH 3-10 IPG strips, run on 12.5% SDS-PAGE gels and stained with colloidal Coomassie blue G250. The numbered protein spots in the gels were excised for trypsin digestion and identified using MALDI-TOF MS followed by bioinformatics analyses. The numbered protein spots were enlarged in panel (c). MW, molecular weights. respectively, were identified as proteins specifically expressed in the dorsal striatum as a result of acute cocaine administration (Table 2) . Of the 66 proteins, 24 having known biological functions were further investigated using QuickGO (Gene Ontology Consortium) (http://www.ebi.ac.uk/ QuickGO/) and the results are shown in Table 3 . The proteins were further classified by their 3 rd terms, called entire biological process terms (Fig. 4) . The results show that, at 20 min, 50% of the proteins whose expression was induced by acute cocaine were found to be related to known biological processes. However, the specific functions of the proteins are currently unknown. The other half of the proteins were found to be associated with structure (18.75%), cell adhesion (12.5%), localization (6.25%), protease activity (6.25%) and metabolic processes (6.25%). At 120 min, 66.66% of the proteins induced by acute cocaine were found to be associated with biological processes. Again, specific functions of the proteins are unknown. The remaining 33.33% of proteins were found to be associated with biogenesis (20%), structure (6.67%), and transcription (6.67%). At 360 min, 29.44% of proteins were associated with biological processes, although their specific functions are, again, unknown. The remaining 70.56% were associated with a variety of biological functions, such as receptor activity (17.64%), cell adhesion (11.76%), structure (5.88%), translation (5.88%), sexual reproduction (5.88%), osteoclast differentiation (5.88%), binding activity (5.88%), endocytosis (5.88%), and catabolic processes (5.88%).
Discussion
Proteomic analysis was performed to understand the changes in the proteome in response to acute exposure to cocaine. We found that acute exposure to cocaine causes alterations in the expression of proteins that are associated with a variety of cellular and molecular functions, although the expression levels of the proteins vary at the 3 tested times except for collagen family proteins that were maintained over 360 min. The quantitative changes in protein expression due to acute cocaine are likely decreases over the time course. These findings suggest that acute cocaine alters the expression of proteins in the dorsal striatum in a time-dependent manner. This prediction can be supported by the previous findings that acute injection of cocaine alters gene expression in a time-dependent manner in the rat dorsal striatum (Bhat et al. 1992; Daunais & McGinty 1995) . Database searching indicated that the majority of identified proteins are found to be collagen family proteins that are predicted to be similar to the diaphanous homolog 2 and Lmna proteins that are associated with cell adhesion, cellular component organization, and actin cytoskeleton organization. Previous studies showed that cocaine administration causes changes in cellular structure and molecular activity in the brain (Robinson & Kolb 1999; Toda et al. 2006) . These data suggest that acute exposure to cocaine is able to modify cellular structures and the extracellular environment in the brain. A protein predicted to be similar to N-methyl-D-aspartate (NMDA) receptorregulated gene 2 isoform 2 could be associated with NMDA receptor activity (Naoaki et al. 2001) . Activation of NMDA receptors by cocaine exposure caused rapid Ca 2+ influx, which couples calcium-dependent kinase signalling cascades in the striatum. For instance, activation of NMDA receptors enhances an extracellular signal regulated kinase 1/2 (ERK1/2) signalling pathway, which results in cyclic AMP response element binding protein (CREB) phosphorylation and c-fos ex- pression in rat dorsal striatum (Choe & Wang 2001; Choe et al. 2004) . These data suggest that acute exposure to cocaine is able to modulate neuronal activity via activation of the NMDA receptor-regulated gene 2 isoform 2, which may be associated with psychomotor activity (Ahn et al. 2007 ). Androgen receptor-related apoptosis-associated protein CBL27, isoform CRA b and seminal vesicle secretory protein 2 were altered by acute cocaine and are involved in sexual reproduction. A previous study showed that cocaine increases the binding of progesterone receptor protein complex to radiolabelled progesterone response elements in the nuclear extracts of striatum (Wu et al. 2006) . These data suggest that acute exposure to cocaine can modify endocrine and reproductive systems. Database searching also reveals that a protein similar to the 40S ribosomal protein S16 and the zinc finger protein 28 were affected by acute cocaine and are involved in the process of translation or transcription. The leukaemia inhibitory factor receptor α-protein was also detected by the database and the protein is believed to be associated with the positive regulation of cell proliferation or cytokine-and chemokine-mediated signalling pathways. Taken together, alterations in the expression of proteins in response to acute exposure to cocaine are found to be associated with a variety of structural, cellular and molecular functions in the dorsal striatum, although the levels of expression are time-dependent. In summary, altered protein spots at 20, 120, and 360 min decrease over time after acute injection of cocaine although total protein spots were not altered in dorsal striatum. Proteins that were identified as having changed as a result of acute cocaine administration are involved in a variety of functions necessary for maintaining cellular structure, metabolism, and gene expression in the dorsal striatum. However, it should be determined whether any of the changes in the expression of the identified proteins are functional.
